and Ca ++ at increasing concentrations caused diminishing activity levels. Elevated ecto-ATPase activity was also found in platelets incubated with prostaglandin E, (PGE,) or potassium cyanide (KCN). It is proposed that the increase of ecto-ATPase activity is related to the extrusion or exposure of plasma membrane containing a ouabain-insensitive ATPase. The role of ecto-ATPase in platelet aggregation is discussed in light of these findings.
A FACTOR from erythrocytes that caused platelet aggregation was reported by Hellem in 1960. Gaarder, in 1961 , demonstrated that the factor was adenosinediphosphate (ADP). Several mechanisms have since been suggested to explain the initiation of platelet aggregation caused by ADP. Salzman 25 postulated that the effect of external ADP is to decrease adenosinetriphosphate (ATP) breakdown by inhibiting membrane ecto-ATPase. They presented evidence that the ecto-ATPase is similar, if not identical, to ATPase associated with thrombosthenin. Similarly, Davey and associates 10 suggested that aggregation occurs when a membrane-bound contractile protein relaxes following a decrease in its ATPase activity. Robinson and colleagues, 23 on the other hand, felt that aggregation is due to increased membrane ATPase activity, which produces a decrease in membranebound ATP and a resultant decrease in the surface charge of the platelets. Haslam 15 further suggested that primary aggregating agents may activate platelet membrane ATPase, forming ADP, which may reach the surface receptors. Interestingly, Mason and co-workers 22, 24 could not find evidence to support either of these suggestions in their study of ATPase inhibitors and stimulators.
In addition to the above-mentioned hypotheses, changes in surface charge, 4>12,13 ' 28 platelet membrane conformation, 518 and thrombin-fibrinogen complexes 2 have been suggested to be the contributing factors in platelet aggregation. Booyse and associates [6] [7] [8] demonstrated that ADP, thrombin, and cold exert their actions through an extrusion of platelet cytoplasm thrombosthenin, a contractile protein similar to actomyosin of smooth muscle, and suggested that retraction of the interacted thrombosthenin by the ionic environment of the plasma draws the platelets together.
This study was undertaken to determine whether the platelet ecto-ATPase activity reflects the changes of the plasma membrane. In turn, it was hoped that the results would advance the understanding of the role of platelet membrane ATPase in aggregation. Nucleotides. Standard AMP (adenosine 5'-monophosphate, sodium salt, Sigma), ADP (adenosine 5'-diphosphate, sodium salt, Sigma), and ATP (adenosine 5'-triphosphate, disodium salt, Sigma) in solutions from 10~5 to 10~4 mol/1 were prepared by weighing out the appropriate amounts of reagents and diluted to 1 liter with distilled water.
Materials and Methods

PGE
Washed platelets. Platelets from freshly drawn EDTA whole blood were pooled and washed two times with citrated saline solution (0.38% sodium citrate in 0.8% NaCl, pH adjusted to 6.5 with HC1). The washed packed platelets were then resuspended in a 0.05 M tris-HCl buffer in 0.8% NaCl, pH 7.40 (tris buffer-saline). The platelet count was adjusted to 3-5 x 10 8 /ml. The suspension was divided into two parts. Enzymatic activity was measured in the platelettris buffer medium portion. The second half of the suspension was centrifuged at 1,000 x g for 10 minutes. The supernatant tris buffer medium was removed and residual enzymatic activity was then measured on the supernatant.
Ecto-ATPase Activity by Chromatographic Method
Preparation of sample. To 2.0 ml of washed platelets were added 0.1 ml of MgCl 2 (or CaCl 2 , or both) and 0.5 ml of ATP solution prepared in tris buffersaline solution. The final concentration of ATP was 1 ITIM and that of Mg ++ was 1 mM unless otherwise specified. For the effect of test reagent, 0.1 ml of reagent prepared in tris buffer-saline solution was added to the mixture and 0.1 ml of tris buffer-saline solution was added to a "control" tube. The "blank" tube was prepared by substituting 2.0 ml of the platelet washing for the washed platelets. After incubation at 37 C for one hour or for an indicated time, the mixture was centrifuged and the supernatant was treated with 0.2 ml 20% trichloroacetic acid. A 0.004 ml volume of the protein-free filtrate was used for liquid chromatographic injection. 
ATPase Activity
Separation and quantitation of AMP, ADP, and ATP were achieved with a DuPont 820 Liquid Chromatography using a 254-nm ultraviolet flow cell, SAX column maintained at a temperature of 40 C, 800 psig inlet pressure, 0.7 ml/min flow rate, and a 0:3 M KH 2 P0 4 mobile phase. ATPase activity was arbitrarily defined as /u,mol ATP consumed/4 x 10 8 platelets/hour at 37 C. The amount of ATP consumed was quantitatively compatible with the amount of ADP and AMP formed. The smallest amount of ATP that can be reliably detected under the conditions described is 50 picomoles. Ten replicate 0.004-ml samples of a 10~4 mol/1 ATP standard solution were analyzed, with a coefficient of variation of 2%.
Results
Characteristics of Platelet Ecto-ATPase
The conventional method for measuring the platelet ecto-ATPase activity is the measurement of inorganic phosphate, which is presumably split off from ATP by ATPase. With the chromatographic method, the ecto-ATPase activity of washed platelets was about 0.3 fiM ATP/4 x 10 8 platelets/hour at 37 C. It was not inhibited by 0.4 mM ouabain. The activity was about twice as great at 37 C as at 25 C. Activities varied among different batches of platelets and among platelets of the same pool when manipulated differently. Cation added, mM 14, 27 With this method it became clear that ATP was first converted to ADP by ATPase. When sufficient ADP was formed, ADP was further converted to AMP (Table 1 ). In the washing ADP was formed, ADP was further converted to AMP (Table 1 ). In the washing process a small part of ecto-ATPase was lost in the tris buffersaline medium. However, a large portion of the activity remained on platelet membrane (Table 2) .
Cation Dependence of Ecto-ATPase Activity
Different concentrations of Mg ++ and Ca ++ , separately or in combination, were used to stimulate the ecto-ATPase activity. It was found that stimulation by Mg ++ was greatest between 1 and 2 mM, while stimulation by Ca ++ increased with increasing concentrations to 4 mM (Fig. 1) . Overall, Mg ++ showed greater activity than Ca ++ . Increasing the Ca ++ concentration was shown to diminish the ecto-ATPase activity in the presence of 1 mM Mg ++ .
Increased Ecto-ATPase Activity by PGEi and KCN
We previously observed that washed platelets show an increasing restoration to their discoid shape after incubation with increasing concentrations of Ca ++ and Mg ++ . 26 The above-described findings, therefore, give a view that increased restoration of platelet membrane results in lower ecto-ATPase activity. Similarly, one should be able to demonstrate that decreased restoration of platelet membrane results in higher ecto-ATPase activity. Therefore, we searched for reagents that: (1) would not affect the isolated thrombosthenin ATPase activity; (2) would not hinder the contraction of thrombosthenin; (3) would deplete the platelet's energy supply, thereby altering membrane integrity. Potassium cyanide (KCN) and PGEi seem to serve this purpose, because they do not affect the isolated thrombosthenin ATPase, they inhibit the secondary phase of aggregation induced by ADP or epinephrine, and they deplete platelet glycogen in rendering the platelet shape irregular. 26 Therefore, KCN and PGE, could be able to promote membrane extrusion, thereby increasing platelet ectoATPase activity. Washed platelets were incubated at 37 C with PGE! and KCN, respectively, for 90 minutes, after which ATP and Mg ++ were added for ecto-ATPase determination as described in the chromatographic method. PGEj and KCN both markedly increased platelet ecto-ATPase activity (Fig.  2) . Without preincubation, however, neither reagent increased the activity.
Evidences Showing an Increase of Membrane Permeability in Washed Platelets
Mason and co-workers 22, 24 have observed that ectoATPase activity is much greater on washed platelets than on unwashed platelets. This implied that washed platelets manifest an exposure of the ATPase. Certain enzymes may also leak into the medium, e.g., adenylate kinase, which implies increased permeability. Thus, we studied the difference in enzymatic activity that converts ADP to AMP and ATP in the supernatant of washed platelet solution in comparison with that with platelets present. The method in Table 2 was modified by substituting 1 mM of ADP for ATP, and the conversion of ADP to ATP and AMP was studied accordingly. In contrast to platelet ectoATPase, most of this enzymatic activity, presumably adenylate kinase, was found in the platelet-free supernatant rather than associated with platelet membrane (Table 3) .
Discussion
Platelet aggregation in response to various stimuli demonstrates several common characteristics, i.e., platelet shape change, requirement for cofactors, inhibitory effect of cations, and a consistent pattern of response to aggregation inhibitors. This may imply that aggregating agents exert their effects through a single common factor, regardless of their initiation mechanisms. This common factor appears to be the contractile protein on the plasma membrane. It also appears that exposure of this protein may be related to platelet membrane integrity. Indeed, platelet aggregability directly reflects the change of platelet shape. We have previously observed that cyclic AMP (cAMP), ATP and cations restore the washed platelets to a more discoid shape, resulting in a decrease of platelet aggregability. 26 Cyclic AMP probably causes membrane restoration through an increase of membrane ionic calcium and a stimulation of energy metabolism. 11 We found that most of the ecto-ATPase activity of washed platelets remained on the platelet membrane instead of being released into the washing medium. This may account for the "stickiness" of these platelets. It has been reported that ecto-ATPase activity is much greater on washed than on unwashed platelets. Platelets after being washed also become sticky and irregular in shape, and demonstrate leakage of adenylate kinase into the washing medium. We have found enzymatic activity similar to adenylate kinase released into the media of washed platelets.
Treatment of washed platelets with cations causes the cells to return to a more discoid shape. The leveling of ecto-ATPase activity at higher cation concentrations suggests a limited exposure of the ATPase, which can be in turn related to membrane restoration and shape changes. In contrast, isolated thrombosthenin ATPase activity is linear in response to increasing Mg ++ and Ca ++ concentrations to 4 mM, with greater activity for calcium.
li3 ' 916, 21 Herein we find that Ca ++ stimulates ecto-ATPase on washed platelets less than Mg ++ . It is likely that the stimulation of the ouabain-insensitive ATPase by these cations results in the restoration of platelet plasma membrane, limiting the net exposure and, thereby, limiting net ecto-ATPase activity. Thus, Ca ++ , with stronger ATPase stimulation of isolated thrombosthenin, would be expected to produce greater restoration in the intact platelet membrane, leading to the lower overall ecto-ATPase activity that was observed. The diminished ecto-ATPase activity caused by the combination of Mg ++ and Ca ++ , therefore, shows the strongest membrane restoration we have observed. This may also explain why both Ca ++ and Mg ++ are needed for platelet deaggregation, as reported by other investigators. 17,19,2° It is conceivable that restoration of platelet membrane can facilitate the deaggregation process.
The relation between platelet membrane integrity and the extent of the ATPase exposure was further substantiated by the observation that incubation of washed platelets for long periods with PGE, or KCN caused irregular cellular shapes, presumably due to depletion of glycogen stores, and manifested high ectoATPase activity. This indicates either an increased extrusion of plasma membrane containing the ATPase or exposure of sub-membrane ATPase, since PGE, and KCN have no effect on the ATPase activity of isolated thrombosthenin. Nevertheless, the present study does not determine whether the change of ectoATPase activities reflects an increase in the exposed fixed ATPase on the platelet plasma membrane or a possible extrusion of the cytogel.
In conclusion, shape changes were found to be related to. ecto-ATPase activity in washed platelets. This suggests that exposure of the ouabain-insensitive ATPase accompanies shape changes, and its subsequent retraction can be induced with the cations calcium and magnesium.
